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H1GH TEMPERATURE RADIATION CALORIMEIER

Int; tion

It was the purpose of this research to investigate

theoretically and experimentally the factors which are
involved in direct calorimetry at high tempevatures,

In particular, it was our purpose to study the operational
characteristics of a spherically symmetxical calorimeter
operating in a deep vacuum, The principle mode of heat
transfer for such a calorimeter is radiation,

There are numerous uses for a calorimeter for making
direct measurements at high temperatures, Stud:es of
solid phase transformations and heat capacities of metastabie
phases are good examples where direct calorimetry is superior
to the various indirect methods,

This report describes a spherically symmetrical
calorimeter which was constructed, The experimentzl
results are discussed in relation to the theory. iheory
and experiment are shown to be in essential agreement,

This report is divided into three parts, In the
first part, the experimental apparatus is described in
detail., In the second part the theory of the calorimeter
is presented. In the last part, the experimental results
are described and compared with the thcory,

——— -




EXPERIMENTAL APFARAIUS

The experimental appsrztus used for this vesearch consisted of three
basic paris plus the necessary electrizal coxi:ol and measuring components,

The three basic parts were (1) the spherical ¢alorimeter proper (2)
the spherical shield furnace and (3) the vacuum system, The electrical
components were (1) potentiometer for measuring emfs developed by thermocouples
(2) D.C. current souzrce for internal heater (3) potentiometer for measuring
current through internal heater (4) regulated A.C., source for shield heater
(53) thyratron control circuit for regulating voltage to shield heater and
(0) electrical controls of vacuum gauges.

The Calorimeter - The calorimeter was turned on a lathe from a piece
of high purity graphite rod, A special fixture was constructed for the
lathe which made possible the accurate turning of spherical forms of any size.
The calorimeters used in this research were asbout iwo inches in diameter,

A hole was bored into the calorimeter and threaded. A graphite plug
was turned and threaded to fit this hole, The internal heater fitted snugly
inside this plug. Two small holes in the plug, lined with small pieces
of clay pipe stem,allowed ihe electrical leads from the heater to be brought
out of the calorimeter, Very high electrical insulation of the heater
winding from the calorimeter was achieved using this method - the resistance
between the heater winding and the graphite calorime'er being of the order
of 200 megohms or greater,

The calorimeter thermel was fastened to the surfiace of the calorimeter
using a graphite screw, The end of the thermel was just under the surface
and hence did not “see" the shield wall., The thermel was not insulated
from the calorimeter, Figure 1 shows a drawing of the calorimeter and
the shield furnace,

the Internal Heater - The de>1gn of the internal heater shown in
Figure 1 is but one of many different types which were tried in this research,
The size and shape were varied. The size (gavge) of the Nichrome wire
was varied, The heater was operated with-a solid ceramic center with an
empty center and with a center filled with a solid graphite plug. The
space between the wire and the g;aphlte plug was operated empty and packed
with synthetic periclase,

The finszl design consisted of a thln lava cy]1ndnr upon which the
#24 (B, & S,} Nichrome wire could he wound, The wire was held in place
by means of a double thread, The wall thickness of the lava form was about
1/14%, The center of the lava form was filled with a snng fitting graphite
plug which made good contact with the cslovimeter at ose ond and the threaded
piug on the other end., The space between the wire and the plug wrs left
empty since the periciass did not increase the heat transfer coeffiCicont,

As will be seen, in the theoreticsl section which fallows, the bLasic
requirements for the heater are low effective heat capacity and gaxoe thermal
contact with the calorimetexr., Another constructionzl featyre hially desirable
is good thermai contact of the leads with th» calorimeter, 'Tha need for
this last requirement was not fully xealized u»iil all of the experimental
work was finished,
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Shield Furnace - One of the most persisieni problems throughout this
research has been the method of constructing the shield fuynace, The
essential requirement was an isothermal spherical surface. The early
shield furnaces used in this research were approximstely sphericdl but
very likely not isothermal, The final furnace, shown in cxoss section
in Figure 1 fulfills both of these requirements very closely, Since the
construction of a spherical furnace has appavently been 2 major reason for
not using a spherically symmetrical design it would appear worth while
to describe briefly the evolution of our furnace,

The first spherical shield furnace consisted of two ceramic hemi-
shperes with a Nichrome heating wire fastened to the surface, These
ceramic forms were made on a jigger using oxdinary pottery ¢lay., After
the half shells had air dried, a loxodromic groove was machined on the
outer surface, A special machine was designed and constructed to machine
this groove, The Nichrome wire was held into the groove by means of
fine wire ties, This furnace was used up to about 40C°C which was its
upper limit,

In an attempt to increase the upper temperature limit of the furnace,
various insulating cements were tried. Of the many cements tried only
ordinary furnace patching cement (Rutland) stuck to the ceramirc forms
during the curing cycle and subsequent heatings in the vacuum system,

Even this cement eventually cracked off, With this insulation on tie
cutside of the furnace the upper temperature limit was about 1200°C (tke
limit of the Nichrome wire).

We were not satisfiea with these furnaces due to the fact that (1)
it was difficult to fasten the shield thermocouple to the inner wall of the
ceramic form, (2) it was impossible to be certain that the two half shells
had not shifted relative to each other after the furnace was in the vacuum
can, (3) it was almost certain that there was a cooler vegion around the
equator where the two half shells came together 3nd f4) 1t was difficult
to make the ceramic forms of the same size and exactly spherical,

To solve these problems a graphite liner was made to fit inside of
the ceramic furnace, This graphite liner could be turned exactly spherical
on the lathe (our special fixture making this possible) and could be made
with interlocking edges. Furthermore, the-shield thermocouple could be
screwerd into a blind hole in this graphite liner thus assuring good thermal
contact, The good thermal conductivity of the graphite would tend to equalize
the temperature throughout the inner surface, Since entirely new ceramic
forms were necessary for this furnace a heéw method for insulating the wire
from the outside was tried, A thin ceramic semispherical shell of fire
clay was made which could be slipped over the wire windings. .

this furnace was used for several series of experiments but there
was a disadvantage to this design, ‘The lag hotween a change in hea’ Input
to the heater and the change in the shield temperatsve was too greai - it
was difficult to adjust the shield to & predeterminad temperatuve, L0
decrease this lag, the final design was evolwed,

The last shield furnaces used were made by laying on the outer surface
of the graphite shells a thic (") laver of plastic alundum cement, After
this layer had air-dried, it wss rarefully turned to a semispheriecal shupe
on the lathe, A loxodronic grocve was then macbined irto the i fxce,
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A preformed Nichrome windiag was laid in this grcove and tied on using
thread. Another layer of alundum cement was then applied, allowed to &
dry, and turned tc an exact semispherical shepe. The whole picce was *ben
heated in a muffie furnace to abeout 1l1C0°C to cure the alunduwm cement

From this description, it ‘ought now to be ohvious that the construction
of a satisfactory sphericsl furnsce is »o longer a major hurdle to the
use of spherical symmetry,

Tae use -of the graphite'liner gave rise to a new problem. While the
vapor pressure of graphxte is very low, it is finite and after several
weeks of heating in a high vacuum, the ¢ntire contents of the shield furnace
became coated with 2 very thin fiim of graphite., While the electrical
resistance of this graphite film was large, nevertheless, there was an
agpreciable electrical eonductivity from the calorimeter to the shield
liner. This conductance path shorted the twy thermocouples to each other,
The resistance of this short, which was of the order of several megohms
at room temperatuze, decreased to several thousand ohm: at elevated temperatures,
The emf deveioped by the thermels wes irratic.

To kpep ‘the ca‘orimeter electrically isolated from the graphite shield
lirey “film hreakers" were placed on all connections from the calorimeter
1o the ahield The desxgn of these "film breakers" and their method of
overation may be seen in Figure 2, Only the carbon atoms approaching the
film sreaker withia the rather small
critical angle would enter the imside. Figure 2 Film Breaker
Most cf the atoms entering would deposit (Cross-section)
vn the band just opposite the groove, The
resuit was a break in the film, or at Criti

,=—— Critical Angle

least a r=agion where the film was very X
much thianer than at other places and had ﬁﬁ7/
consequently a very high electrical

resistance. For a period of about four

weeks, doring which the shield was contin- j??fé
wously maintained at over 300°C, these

film breakers were abie to keep the calor-
imeter aeffectively insulated from the
graphite shieid liror,

Lava

Snug Fit

AN SRASINTY (-t"“P

Yacuum System - The vacimn syst
in which the shield furnace was Operated
wus constructed from steel . pipe. Figure
3, draym to scale, shows the main parts
of the vacuum system, This all metal
vacuum system evolved as our experieace
with high vecuum technic grew. The apparently large (4") pipe leading to the
oil dlfxusxeu pump was necessary to give a rapid pumpirg speed in the working
chamber, This was a dynamic system - the pumps operating continuously.

Wnile this xeport is not Lheé proper place for petty experimental details,
it does seem appropriate to record some of the hard won high vacuum technics.
Some cf these technics are self evident - now, (i) A metal vacuum system
is easily tested fnr leaks by applying pressure (10-15 p.s.i.) inside and
usirg 2 soap - glv»erxne solution on likely spots for leaks, The addition
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of glycerine enables one to apply a thin soap film on vertical surfaces,

(2) The syatem shculd always be tested for leaks before pump1ng down, It
takes mucii longesr to find leaks by waiting until one can't seem to get a
good vacuum. (3) Ary connection or joint is a poss1ble location for a

leak. We found, after about a week of searching, a leak in the vacuum gauge.
(4) Make permanent vepairs on all leaks, solderlng, welding, or brazing.

(5) We did not find “glyptal" good for permanently repairing leaks, (6)
Rubber gaskets. when placed in properly designed gasket grooves, are quite
reliable (0" rings are now available which would simplify assembly).

(7) Connecticns may be made with ordinary pipe fittings only if the connections
are also soft scldered. It is easy to take such joints down since the soft
solder is easily melted with a hand torch, (8) One-eighth inch standard
pipe fittings wiil hold 2 good vacuum if the threads are coated with glyptal
before being assembled,

The pumps used for this apparatus consisted of an oil diffusion pump
(B,P,I., Model MC 275) backed by a Cenco Megavac mechanical pump. After
outgassing the system, pressuvres of 0,01 micron could be readily obtained
at room temperature, It was possible to maintain pressures of less than
0.1 micron with the furnace operating up to 600°C,

0 that the puwps could be operated continously a safety switch was
installed in the A.C. line which powered the heater of the oil diffusion
pump. This switch turned off the heater current if the water pressure dropped
beiow a predetermined level, The unreliability of the services supplied
to our laboratory made this and other safety features necessary.

Pressures were measurad using a thermocouple type gauge (Hastings
Model GV) at the fore pump and using a Philips gauge (D,P,I, Model PHG-1)
on the top of the main vacuum chamber, The Philips gauge was not found to
be reliable and is not recommended,

The electrical lead-ins for a metal vacuum system presented a problem.
The solution was found after Stupakoff Kovar to glass seals were discovered.
These glass to metal seals are available in almost any size or shape. It
was found extremely difficult to make a rubber packing gland fur leading
wire cut of & vacuum system and which was electrlcally insulated from the
vacuum syctem.

The ‘lead-ins for the thermocouples were ~—— Pt Wire
designed to avoid contact of the plati‘um 1
metal with other metals. “The details of Picein

these-lead-ins are shown in Figure 4. These
lead-ins were not very reliable and had to
be tested frequently for leaks since any
motion of th2 thermocouple wire could crack
the brittle picein cement,

 The whole vacuum chamver was immersed
in water in 'a galvanized tank, The tempera-
ture of the water was maintained approxi-
mately constant by allowing wiater to
continuously flow through the tank,

lass

N} __Top Plate

Figure 4 Thermel Leadins
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T e Mes nt: Early in the research Chromel - Alumel thermels
were used. These thermels were not stable enough and so we changed to
platinwn, platinum - 13X rhodium thermels, The noble metal thermels have
been quite satisfactory,

The thermel potentials were measured using a type K-2 (L, & N,) potentio-
meter. The galvanometer (L, & N, type 2204) had a sensitivity of about 0,045
micro voits per mm. An effective sensitivity of about 0.1 micro volts per
mm was actually realized due to the fact that this research was done in rooms
on the second floor of a temporary frame building.

The thermels were calibrated using the freezing points of standard
samples of metals (obtained from the Bureau of Standards). The results
of this calibration are given i. Table 1, It is seen that the thermels
differed by less than 2 micrc volts from the standard tables, Two micro-
volts is about 0,2°C,

Table 1
Calibration of Thermels, Cold Junction 0°C,
Meta) Meltin int® Observed emf's
Calorimeter @™ Shield
Tin 1.7504 mv, 1.,7490 mv, 1.7490 mv,
(231.9°C)
Lead 2.6624 nv, 2.5607 mv, 2.6596 mv,
(327,3°C)
Zinc 3,6000 mv, 3.5986 mv, 3.5987 mv,
(419,5°C)
Aluminum 6.2479 mv, 6.2470 mv, 6.2488 mv,
(659,7°C)

* Valves computed using N.B.S. standard tables for Pt, Pt-13% Rh thermels,

1t was early noticed that the calorimeter thermel did not give the
<ame emf 3s the shield thermel when the twu were supoosed to be at the
same temperature, This difference was greater than the difference in
calibration of the thermels, It was noted *that the shield thermel had
the larvger emf in all cases wien the graphite lined furnace was used,
When the ceramic shield furnaces were used the potential difference between
the shield and calorimeter thermels was either positive or negative, It
was also noted that there was considerable AC pick-up by the shield thermel,
This 60 cycle pick-up did not usually interfere with the potential measure-
ments due to the fact that the period of the galvanometer was large,

The difference in potential between the shield and calorimeter thermels
was positive when che graphite lined shield furnace was used, This difference
ranged from 6 to 33 micruvolts as the temperature of the shield varied from
600 to 900°., This difference varied in an approximately linear manne{ with
the temperature and had a temperature coefficient of about 0,1 pv deg~?,
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This temperature ccefficient was too small for most thermal generated
enfs, Possibly this potential arose from a rettifying action of the ceramic

at elevated temperatures, Ceramic msterials are known to become semiconductors
at high temperatures,

- Like all other parts of the apparatus the
internal heater control systea underwent considerable modification as the
system evolved, The finsl circnit was basically very simple as can be
seen by Figure S.

Rheostat Battery
Direct current from three automobile \\\

batteries operating in parallecl was . ||l|
sllowed tc pass through a rheostat, a .
standard resistor and the iuterpal heater
~all in series, The potential drop across

the standard resistor and the ianternal F_Au\ﬂijT

heater could be measured using a potentio-

meter, The resistance of the standard

resistor was 4,9711 ohms. The resistance “Estd T+ Efnt

of the internal heater varied with the
design but was about five ohms. By
keeping the batteries almost fully
charyed, it was possible to maintain the
current through the heater constant
(10.1% over long perieds cf time

(1 to 2 hours).

Figure 5 Internal Heater Circuit

The amount of heat being supplied

by the heater wgs conpgted using the
: = Sstd x “int i

relation: q Rerq x 4,1633 Where q is
the heat being generated by the internal heater im calories per second,
E¢td the potential drop (in volts) across the standard resistor, Ejn¢ the
potential drop across the internal heater, Bgeq the resistance of the
standard resistor and 4,1833 the factor to convert to calories (the potemtio-
meter was calibrated in old practical units), The resistamce of tke two
short pieces of copper wire which connected to the imternal heater was

approximately 0.02 ohms. This was considered negligible: and mo.corcrection
was made,

Shjeld Heater Control - The contrcl of the shield heater is a problem
which never was satisfactorily solved, The problem is one of comstructing
autcmatic control devices which will be sufficiently sensitive and able
to cope with rather large thermal lags., Our best eutcmatic device controlled
the shield temperature to about *0.1°C whick for a temperature of 500°C
is 0.02%. This relatively lLiigh accuracy was not sufficient, It is believed
that an accuracy uf 0.001°C is needed.

The power for tiie shield was obtained from the AC lines, The variation
of ihe voltage was much tcu great and so a voltage regulator was installed,
The unit used had 3 capacity of SKVA. (Superior Model EM 4106). The
voltage was reduced tc the amount rcquired for the shield furnace by usimg a
Variac (modei V20). For some of the experiments a 1KVA voltage regulator
was used (Superior Model IE 5101). This latter electronic regulator was
more satisfactory.
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Small adjustments of the heating current to the shield furnace were
made using a thyratror control device., The circuit of the control device
is shown in figure 6. The device FG - 27
operated by alternately shorting
out resistor R), The length of
tiwe, during a cycle, that B} was P.S.
shorted out could be controlled.
The resistor R] was shorted out
when the secondary of the trans-
former was shorted, This trams-
former was able to draw current

during the part of the cycle the S i

thyratron tube conducted. The €5, [EnageiShalting Cizcult
portion of the cycle that the .

thyratron conducted depsnded on L Trsnalormer

the phase between the control gird By Resistor (2 ohms)

and the plate, This phase could
be shifted by means of the phase
shifting circuit (not shown in
detail). The relative phase shift
was controlled by applying a small
;ga:: ?H:;it:irggi:?lt;g:sfouitg Figure 6 Thyratron Control Circuit
this device, the amount of time

the resistor R) was shorted could

be varied from S0X to OX of the

timeo

Ry Furnace (12 ohms) A.C,

v Variac

The most successful automatic control device conttructed derived the
voltage for operating the phase shifting circuit by "observing™ the position
of a galvanometer light beam using two pbotoelectric cells as-"eyg}'.

These two phote cells were so arranged that when the galvanometer was at

the null point the phase shift was maintained at some particular value,

When the temperature went up, the galvanometer light beam moved (since the
voltage of the thermel was balanced using a potentiometer) and thus more
light was received by one of the photo cells, This changed the value of the

voltage beiug supplied to the phase shifting circuit, The resistor, R)],
was then not shorted out as much of the time, This control device was able

to control the temperature to within about ¥0,1°C. The oscillations of the
syster were caused by excessive thermal inertia in the system.

By regulating the voltage to the phase shifting circuit manually it
was possible to maintain the temperature constant to within ¥0,001°C during
calibration experiments, During cooling experiments the regulation was
usually not better than 10.01°C. This degree of control (during cooling)
was not beiieved sufficient,

- 10 -
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LHEORY OF CALORIMEER

Heat iransfer - The rate of transfer of
heat q.s from the surface of a sphere of
radius RQ whose temperature is T, to a Ig
concentric spherical surface of radius Rg p
and temperature [s is given by the equation:

Qcs™ ng(Tc4 - Ts4) + kp (T, - Tg) 1) Te
Where 6 = 1,36 x 10™7 cal/sec deg4 cn? : 7 £
(Stefan - Boltzmann Constant), A = Surface AR Rs”;’
area of inner sphere, k, the thermal con- -
ductivity of the supports etc, of the inner Pt

sphere and g is given by the equation™:

'ﬁ
= €c © - "
g es + ec%.r - es) (RCL/RS‘) (2) Ir k
e n
In equation (2) eg and ec are the emmis-
sivities of the outer and inner surfaces
respectively, Figure 7 shows the physical
relations assumed, Figure 7 Basic Calorimeter
(Schematic)

Equation (1) assumes that the space
between the two spherical surfaces has been
evacuated to a low enough pressure so that convectional heat transfer has been
reduced to zero, Equation (1) thus assumes that the heat transfer is by
radiation and ordinary newtonian conduction,

Equation (1) may be greatly simplified by noting that

0 - it = ar3aT + 1013 Q)
WhereaT = T¢ - Ts and T3 = %(T¢ + Tg). Since the second term on the rigat
hand side of equation (3) is small compared to the first term, one may write
in place of equaticn (1):

qes = (4 A, t‘ds t+ kot = kool 4)

Tiuy over a smali range uf icmperatures (so that iy does not vary .oo greatlys
tne rate of heat iransfer is directly proportional to the tcmperature difference,
fhis equation will be shown to be valid for the actual calorimeter which has

been experimentally studied, It is seen that the rate of heat transfer will
depend on the cube of the avevrage c2uperature,

Cooling of a Purfect Conductilg Sphere - If the inner sphere of Fiqure 7
i5 a perfect heat ccrducto~. in which ~ase the temperature will be constant
throughout, thie r:te of coulina will be given by the equation:

-C die - Qcs (5)

Where C is the heat capscity of tie sphere, If the approximate equation (4)
is used for qes we obioin

d i - . .
-C atQ = kg (fc - fs)_ (6)

* A note on radiation heat transfer, by G, A, E, Godsawve, Merio No, M.111
National Ga¢ Turbine Establishment, March 1951,
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i1f Tg maintained constant, then equation (6) may be integrated and the
result is
In (g - Tg) = In(1c® - Tg) - Kgg ¢ )

or Ty - Tg = (T¢® - Tg) expl-kgg t/C) @)

Where Ti?= T. when t = O, Thus a perfectly conducting sphere will cool
i

exponentially when losing heat by radiation and conductance to a constant
temperature heat sink, If a graph of 1n(To - Tg) vs t were made, then a

straight line would be obtained whose scope would be “k¢s/C. This ratio

kos/C, which has the dimensions of reciprocal time units (sec™*), will be
known as the time constant for the sphere., If kcs can be computed or measured i
then C, the heat capacity of the sphere, could be computed from the time
constant,

Equation (0) and consequently, equation (7) were obtained assuming the
approximate equation (4), It is possible to use the more exact expamsion
for qcs, (1), and cariy through an approximate integration, If qcs from
equation (1) is substituted into equation (5) then one obtains after rearranging
and simplification the differential equation:

dx = =6 Tsa dt (8
x? - 1) +alx -1) Aec ‘
Where x = l¢/Tg: a = kn/<:’Ag'r33° This equation can not be exactly integrated
to a simple function due to the fact that the denominator of the left hand
side may not be factored. If one is only interested in values of x close

to unity then an approximate integration may be easily carried through, for
this latter case, one obtains:

1 qp -1 gl ox V= gagrd e+ 9
a+d (x+1) (a+4) V2a + 4 k‘/?a +4 . c

I is the integration constant, When a = O this expression (9) reduces to the
result obtained when equation (8) is exactly integrated with a = 0, If the
left hand side of equation (9) is called F(x,a) then one may unite

Fix.2) = F(xy,a) - £AqlsS t (10)
C

wheve x = xo when t = 0, 1Qus a graph of F(x,a) vs t will give a straignt

line whose slope is . 6Agig”/C, Since the values of F(x,a) require a value

of "a™ for their compntation one would necd to employ a method of successive
approximations to use this equatior for the computation of C, In testing

the use of this equation, it was found tnat the values of the slope (- (Agrs3/C)
was nul very semsitive 1o "4, This equation enables onc to actually compute
G/C rather than C direcily. A method does exist for the estimation oi ¢

and consequsntly 1f eaquation (U) wate applicable to the experimentas situation
values of C could be compuied,

Comparison of <quations ‘9. and (%) show that the latter equation is
csutficiently accurate for the present purpose,

Cooling of a Sphe:e whgse Conductjvity is Finite - l'he exact equation
for the cooling of a sphere whose heat conductivity is not infiritely
great is not simply derived, The difficulty arises because of the thernal
gradient which may exist within the sphere, As a good first approximation
one may repliace the fin:te conducting sphere by an infinitely conducting
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sphere (of heat capacity C) surrounded by a

spherical shell whose heat conductivity is A
some finite value, k., but whose heat capacity “
is zero. i
W
Thus the rate of transfer of heat through g- €

the shell will be given by qcs = ke (T'¢-Te)
(11) where T ¢ is the temperature on the \

outer surface of the shell., But gcg is .

also given by equation (4) hence ‘ S

ke (T'c-Te) = kes(Te-Ts) (12) from which _ k,
one computes that !

i kes -
e = Te(l + égi) - kes 15 (13)
If Tg is constant then

o : Figure 8
%%—ﬁ = (l + ﬁﬂﬁ g%ﬂ (14) Calorimeter with finite Conductivity
cC
and since equation (5) becomes
'I‘ 1)
¢ Lo = g (15)
for the case under consideration we obtain
simply Ke dr . :
-4:(& + kés Efc = keg(Tg - Tg) (16) which integrates to
give: In(Tg - Tg) = In(Ic® - Tg) - Bes — L1 ¢ amn
C (1 + ‘l%‘;s)
c
Ihus a plot of In(T¢ - Ts) vs t will now have a slope of - KES T+ Kes .
ke

It -m is the slope of the plot the heat capacity is given by the equation:

C=keso ke (10)
n (kc + kcs)

If k¢ is large compared v lgs the result will reduce to tie same exprescion
as obtained from equation ‘7), In general if k¢s/m = C' then the true value
of the heat capacity is oltained by multiplying the apparent heat caj;acity
C* Ly a factor wmich is jess thar unity, Consequently the neglect of this
factor will tend to give values of C which are toc large., From equation (17,
onc predicts that a sphere with a finite conductivity will cool slower than
one with infinite cenductivity, This result is to be expected due to the
fact that the outer surface temperature of a sphere with a finite conductivity
will always be somewhat lower thon the surface temperature of a spherc with
an infinite conductivity, Since the surface temperature is lower, the rate
of eat loss is also lowr,

Cgoling of a Sphevre with an lnternal lleater - Consider a spherical
calorimeter with an internal heat source which is insulated from the calorimeter,
If ieat is being generated ai the rate o, calories per second within the
hieat sonrce, and if the rate =1 which heat is transferred from the internal
hecier to the calovimeter is aje ther tie heat balance equation on the
invernal heater is

QC-Qic*Cig;{‘i=U (19
- 13 -
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Where Cj is the heat capacity of the internal 7 i __a~" Surface
heater and Tj is the temperature of the o N
internal heater. Under these same conditions \ Intermal
the heat balance equation on the calorimeter .- Heater
may be written T ’//,/)f
c - C dﬁ‘: - qcs= 0 (20) 'TM i!;.
; JL—Cn.lo#'ineter
where C is the heat capacity of the calori- : Tc———e>‘\~/
meter and the other symbols have already Y i ‘ P
been defined. Assuming for q;. and g, ' v s
relations of the form of equalfon (4) S K /
ootain R g
Je - k;c(fl - Tc) - Cl %{i =0 (21) S 7 v e i
kie{Ty - Tg) - C t - kog(Tc- T)=0 (22)
Figure 9

If Ty, the shield temperature, is
constant, this pair of differential equations
may be solved. Under steady state conditions
one notes that qe = qcg. This allows one
to evaluate, experimentally, qcs as a
function of To(if Tg is constant) and
consequently to obtain the value of kc.g. Under cooling conditions qp is zero.
Under these conditions, the equation on the calorimeter temperature may be

shown to be
(Te - Te*®) = (“2‘1_'_:?—) (d"l‘ -uc'2‘) (23)

Calorimeter with Internal Heater

Where T,® = calorimeter temperature when t —»o9, Tco = calorimeter teamperature

when t = O n] and m2 are the roots of the equation:

(m+ku.+m m+8..i.c_kc.s_o (24)

and (= m)/my. Both m) and my are negative quantities, and since -m, is
greater than -m) the quantity o{ is less than uaity,

If a plot of 1n(T¢ - T¢®) is made, 2 curve similar to the full line
of Figanre 10 will be obtained. At sufficiently large times the curve will
be a straight line of slope equal to m). This straight line will appear
as though the calorimeter started at zero time at a higher temperature than
actually observed., From the apparent value of this intercept, one may
compute o ,

Since mj is known from the slupe, one may therafore compute both
p) and mo,

The quantity m] is given by the exact expression:

_.._/(- + ki 2- ‘35
m kl“-(%?n : E;n + %cf) +{Zé?¢ + gic + kss> éf&c + kEs (25)

- 14 -
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Since essentially three para-

meters are needed, i.e, /C4
kjo/C and k¢g/C and only fwo $iations

are known one may uot d1rect1y compute
these three parameters, Of the three
numbers kj./C is the smallest. If
this cross term kic/C is neglected
(assumed zero) then one finds that

m} = -k¢s/C and mo =-kjc/Ci. Since
kes may be experimentally measured
one may readily compute C, the heat
capacity of the calorimeter, If
k;o/C is not assumed equal to zero
then a simple calculation shows that:

- Kes = _kijo/C
Cé ml// n1 £k 07C; (26)

Thus the values of C computed on the
assumption that kje/C is zero will

be too large, In(Ty - T)

Cooling of a Sphere with Varyin
Shield Temperatuyxe - The physical
representation of the case under
consideration is as shown in Figure 9,
The differential equations for the
internal heater and calorimeter will
be equations (21) and (22) respect-
ively, The heat balance on the shield

- will be given by the equation:

dis

: qcs % Cs At -+ QE - 4se = 0 (27

where Cg is the heat capa01ty of the shield, qz the rate heat is supplied by
the internal wive winding of the shield heater and qse the rate which heat

is lost by the shield to its outer environment,
the thermal corductivity of the shield material is large. This assumption
is probably not walid but will enable one to compute the largest possible

T

This equation assumes that

time, t =

Figure 10
Cooling of Calorimeter with Internal
Heater

b A s TS o

effect of shield temperature variation on the cooling of the calorimeter,

as 'Fn'l'lnue

AT A ANy

dt
where ke " - Tg) has been substituted for g

21), 22), and ‘3!) arc solved simultaneously
ind to

for the Gooling of the calorimeter is

(T, - % oo) - (.2

where ci ml/mg and

(1 -0

When q.g is zero and a2 steady state exists, the value of qg is equal to qge.
If then qE is maintained at this value and if it is assumed that qge does
not chznge when Tg changes by small amounts then equation (27) may be written

(28)

If differential equations

iwith qe = 0) the equation

*) {emlt -o(emﬁil (29)
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-internal heater, This is probably a
- simplification of the actual situation

mo is computed from an expression similiar to (30) but with negative sign
before the x:udical,

If kj./C and k. s/C are zero one finds that m) == 5/C and mp = -kj./Cj.
These results are the same as obtained with the assumption that kj./C is zero
and Tg is constant, Assuming k¢g/Cs is zero is equivalant to assuming an
infinite heat capacity for the shield. This is the same as assuming that
Tg does not change.

If as another limiting case of equation (28) one assumes only that kjc/C

is zero, then one finds that
= F .
k1)

ml = ~"kcs (31)

This result is of importance since it enables one to 2stimate the magnitude of
the effect of a drifing shield temperature on the computed value of C, If

m; is obtained from the limiting slope of a graph of log (Ts - T,®) is t

then the value of C computed using equation (30) and assuming Cg is infinite
would be actually smaller than the true value, Equation (31) shows that

the rate of ¢ooling can, under some circumstances, depend on both the heat
capacity of the calorimeter and the shield furnace,

Cooling of a Sphere with a Leaky T
Intexrnal Heater - The last cooling calcula- R s
tion of importance to the present study is A ™ z(//
the case of a calorimeter internal heater A
which leaks heat directly to the shield. W e .
The physical arrangement_is shown in i ol
Figure 11. The direct heat leak from the Sode 5 K. o e b
internal heater to the shield might, in i Poal. :
actual practice, be caused by the thermal '
conductance of the copper leads from the

but it will be sufficiently accurate for
the present purposes, The basic heat
balance equation on the internal heater
and calorimeter will be the same as :
equations (19), and (20) but with an Figure 11
additional term -.qjg added to the left
hand side of equation (19), The result
of solving these two new differential
equations is formally the same as
equaticn €23) except that mj and mo have sligntly different values. If it is
again z...umed that kje/C is small then one finds that

Calorimeter with Leaky Heater

; . om =K (32")
g i ig) (N
and : e = o tkic F Kig) (32'")
In these equations kj, is the thermal conductivity of the leak from the

calorimeter internal heater to the shield, It is of interest that this leak
does not eifect the value of the limiting value of the slope of log (Tg - T¢ ™)

"vs t, As 3 matter of fact, since this leak actually makes mp more negative

the iufluence of the stored heat in the internal heater on the cooling curve
of the calorimeter is reduced.

e
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EXPERIMENTAL RESULTS

The basic experimental data are of two kinds (1) calibration data and
(2) cooling curve data, Calibration data consists of values of the calorimeter
and shield temperatures for various different values of the heat input under
steady state conditions. Sets of calibration data will differ from each other
in the average temperature of the system, Cooling curve data consists of
values of the temperature of the calorimeter and the shield as a function
of time when the sysiem is allowed to cool with zero heat input to the calori-
meter, Cooling curves will differ as to the average temperature, In addition
to these basic data various special measurements were made, These special
measurement: wiil be described as their need arises,

Calibration Data - Two kinds of calibration data have been cbtained,
In the first kind of calibration data, the heat input to the shield furnace
(qg) was maintained approximately constant, while in the second kind of
calibration data the temperature (Tg) of the shield was maintained constant,
Both qr and Tg can not be kept constant for a set of calibration data,
In general if qg is kept constant Tg will increase when qp (input to calori-
meter heater) is increased, To maiutain Tg constant for a set of calibration
data qp must be decreasod very slightly for each successive larger value of q.

Steady State Heat Balance: - Since either type of calibration data

are steady state measurements on the system the same basic equations will
apply. These basic equations are obtained by setting all time derivatives
in the general heat balance equations equal to zero. Under these conditions

the equations are:

Internal Heater: gqg - Qje¢ ~ Qjs = 0 (33)
Calorimeter: Qic - qes = O (34)
Shield: e * Qg - Gge. = O (35)

In these equations qe & qE are heat inputs (cal/sec) to the internal heater
(calorimeter) and shield respectively qjc and qjg are the rate of heat

transfer from the internal heater to the calorimeter and the shield respectively,
qjs is the "leak"™ from the internal heater to the shield. q¢s is the rate

of heat transfer from the calorimeter to the shield while qgo is the rate

of heat transfer from the shield to the environment. In general we will

assume that any rate of heat transfer, qj;. may be written in the form:

gij = kjj (Tj - Tj) where kj; is the heat” transfer coefficient between

i and j while T; and Tj are {he corresponding temperatures.

The behavior of the shield during calibration may be deduced from
equation (35}, If qg is kept constant as q, is increased then qg. must
increase if this equation is to remain valid, qge can only increase if
the shield’s effective temperature for heat transfer to the environment
increases, Thus Tg must increase as Qe is increased.

In the second kind of calibratioa data Tg is maintained constant and
thus qge is not allowed to increase, Equation (35) requires that be
decreased by an amount equal to the amount q, has been increased. Since
the values of qo used were usually no greater than about 0,4 cal/sec, this
would set the upper limit on the amount of adjustment which would need to

- 17 -
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be made in qe. The amount the temperatuve of the shield increases whc. qe is
increased with constant ¢r depends upon the average temperature of the shield,

At low temperatures the shield tempetature increases about 23 degrees pex
calorie/sec. Thus for a value of de of 0.4 calorie/second the shield temperature
would increase by about 9°C, The iucrease in shield temperature is found

to be directly proportional to qe. As the temperature increases the rate

of increase in shield temperature with increase in qe will be less,

Of fundamental importance is the experimental determination of qcg
as a function of T, and Tg, combining equations (33) and (34):

fes = % © Ys 136)
1f qjs, the heat leak to the shield were zero, then qcs could be evaluated

directly. However qjg is not zero., qjg is however, approximately proportional
to qo whence equation (36) may be written:

= o (1-2)
or G = slzcs !lu:s (Ty - T) (37
a -a
in equation (37) "a" is the proportionality constant in the equation qjg = aqe.

Equation (37) shows that a plot of qe vs T¢ - Ts ought to yield a straxght
line whose slope is somewhat greater than keg. If “a®™ can be estimated then
kecs can be computed from the experimental calibration curve.

If q; ¢ could be estimated directly, then the quantity could
be plotteé against T, and the heat transfer coefficient k s agtermined
directly from the slope oi the straight line. A method of estimating qjgs
would be to estimate the temperature of the internai heater wire and compute
qjs by the equation qjs = kijg (Tj -~ Tg). T; may be estimated from the
resistance of the internal heater wire using the equation:

Ry =Ry (1 +B(t - tg) ) (38)

where Ry and R, are the resistances at temperatures t and t, respectively
while @ is the temperature coefficient of resistance (1,66 x 10-4 deg-l)

of the .ichrome winding., The resistance of the wire of the internal heater
may be computed from the measured voltage drop and current., Knowing T; - Tg
one may rompute qjs if the value of kjg is known. kjg may be estimated

from the thermal conductance of the leads, The leads of the calorimeter were
made of copper wire (B & S No, 28) and were approximately 4.13 cm long.

Using 0,92 for the th° 2l -ondurixvxty cf copper one computes ki as
approximately 3,0 x 10 cal sec deg The data and calculations for

a representative calibration curve are ngen in table 2,

- 16 -
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Table 2

Estimation of Heat Leak from Internal leater, lemperature 570°C,

ge(cal/sec) ﬁe;$2$5) Ty - Tg®C qis(cal/sec) ges(cal/sec)
0. 0000 (5,6485) 0,00 0,0000 0. 0000
0,0606 5.8510 2,53 0. 0009 0.0597
0.2179 5,8570 8,067 0,0031 0.2148
0,3993 5,6624 14,28 0.0051 0.3942

If this estimate of qjg is correct then the error made in neglecting qjg
is less than 27, There is some uncertainity that the internal heater
leads made sufficiently good thermal contact with the shield to be considered
at the shield temperature at their extreme ends, If the ends of these
leads operate at an appreciably lower temperature the heat leak will become
significantly larger. These considerations would suggest that k;g, as computed

~ from the slope of the calibration curve might be too large by 2 to 10%

Redesign of the internal heater leads would allow this uncertainity to be
greatly reduced,

Graphs were prepared of ge vs T¢ for the:calibration data obtained
in this research., The data obtalned 1nawﬁ1ch the shield temperature was

‘kept constant gave good straight lines, The constant gg calibration data

tended to show curvature,  This curvature is likely caused by a slow drift
in qg.

From the graphs of Ge VS Tc - Tg values of krs~can be computed,
According to equation (4), kcg ought to be linear in the cube of the average
temperature if k, agd g are not dependent on temperature., A graph of the
values of k¢g vs TyY showed that the data scattered rather badly around
a straight line through the origin, As is seen in the figure (Fig, 12)
thexe does not seem to be a regular trend in the data, It is believed
that the scatter was caused by variation in k, from one temperature to
another caused by difference in the pressure in the system, No absolute
check on the pressure was possible during all the experiments due to the

fact that the Philips’ gauge electronic control unit developed ar electrical

The ciape -of the :alggt line through the origin and the data is
3,47 x 107*Y (cal sec™ deg }, According to equation (4) this guant1ty
ought to be equal to 464Ag, Since 4¢A is known to be 4,41 x 10-10(cal sec-ldeg-9)
one obtains 0,787 for 9. When this value for g is substituted into equation
{2} the emmiszivity of th= graphite surface is easily computed, Note that
both surfaces are identical! and hence the calculation may be made, One
firds 0,624 for the emmissivity of the graphite surfaces. This value is
reasonable frx this.substance., The fact that the valule of the emmissivity
is of the correct order of magnitude suggests. that the basic theory is correct,
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"a finite slope is taken to be evi-

Cooling Data - The cooling data obtained were of two kinds. The farsi
kind was obtained at qE constant while in the second kind the value of Tg
was maintained constant. Both kinds of cooling curve data were similar
during the initial part of the cooling interval. The two kinds of cvoling
curves differed during the latter part of the cooling interval, The constant

- Tg curves being characterized by a rapid asymptotic appreach of the calorimeter

temperature to the shield temperature., The constant qp curves on the other
hand appeared to be approaching the cooling curve for the shicld,

According to the simple theory (equation (7)) a graph of log (T¢-Tg)
vs t ought to be a straight line, This is not found for the data of this
research, Instead curves of the
general shape of those shown in
Figure 13 are obtained., Both curves N
are similar in shape at small times, \

Both curves leave the ordinate at zere \

time with zero slope. The slope 5 AE&EB
gradually decreases, In the case of

constant shield temperature, the slope
becomes constani., In the case of the
experiment at constant qg the slope

passes through a minimum (largest

negative value) and then increases

again, In (Tg - Tg)

The failure of these curves to
leave the ordinate at zero time with

dence for a thermal gradient A
existing between the internal =
heater and the calorimeter, At zero B
time, when the internai heater is
turned off, the rate of heat trans-
fer from the hester to the calori-

meter does not immediately drop to time

zero, Rather due to the fact that Curve A: qg constant
the heater has been operating ubove Curve B: Ts constant
the temperature of the calorimeter, Figure 13

it will continue to furnish heat to
the calorimeter at a rapidly
decreasing rate, The iLime required
for this heat source to become
insignificant compared to the rate of heat transfer from the calorimeter

to the :i~ld will depend on the time constant of the inter»al heater. The
time constant of the internal heater is numerically equal to the ratio of
the heat caparitv of the internal heater to the heat transfer coefficient
between the inter-al heater and the calorimeter, The smaller this quantity

the less influenue the internul heater will have on the cooling curve of
the calorimeter,

Experimental Cooling Curves

When the shield temperature is not kept constant during the cooling
o. the calorimeter it is found to decrease. This decrease is slow at first
but after about a thousand seronds may become quite rapid. - The reason the
shield temperature drops is that the heat being supplied by the calorimeter
has been decreased, Tuus eventvally the rate of decrease of the shield
temperature can become equial to the rate of change of the calorimeter
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temperature. When this occurs Ic ~ Tg will remain constant for a short
period and hence the graph of log (Tc-Ts) vs time will be parallel to the
time axis, Even if the rate of decrease in Tg does not become equal to T¢
the slope of the curve of log (T.-Tg) vs t will gradually increase

less negative). The curve, A, og thure 13 shows this behavior,

The uncertainity of the magnitude of the influence of the drifting
shield on the cooling curve of the calorimeter suggested that the constant
qg data were less useful for the computation of the heat capacity of the
calorimeter than the constant Ts data, Consequently the detailed analysis
has been confined to the data obtaiaed at constant shield temperature.

The method of confronting the cooling curve data with theory was to
plot the logarithm of the quantity ATc = Tg - T¢° , where Tc is the tempera-
ture of the calorimeter at time t while T¢° is the temperature of the
calorimeter when the cooling is complete, vs tke time, The slope of the

straight line portion of the curve gives according to the theory (equation (23))

the quantity-k.q/C. The slope of the calibration curve, if proper coanection
for the heat loss from the internal heater is made, gives the quantity k¢g.
Consequently one may compute the value of C,

In a typical exporiment at about 663°K the slope cf the strnigit line
portion of the log A T¢ vs t curve was found to be 2,16 x 107V(sec™*)

The corresponding calibration curve gave a value of 0,0901 (cal, sec- deg-1).
Therefore the heat capacity of the calorimeter is 41,7 (cal deg'l) or

since there were ?.435 ngles of graphite an atomic heat capacity of graphite
of 4,42 (cal deg-! mole- The values in the literature vary between

4,26 and 4,29, The experimental value ought to be slightly reduced for

the small contribution of the internal heater (less than 1% of the total),
Nore important is the possible error which exists in the value of k¢g

since the calibration curve was not correcied for the leak from the internal
heater, The experimental value differs by only 3.5X from the mean of the
literature values, This amount is well within the uncertainity of the
calibration curve,

Of less significance than the agreement of the heat capacity of graphite
with the literature data is the agreement of the experimental data with the
requirements of the quantitative theory developed above., The theory (equation
(23)) p ts that the data ought to fit an equation of the basic form:

ATe .—.ﬁ;ﬁi%o (e®lt _ xe ) ‘(‘39)
where (AT¢)o is the value of AT, when t = 0, This equation has only
two adjustable parameters & and m), both of which are easily obtained for
any set of datz by plotting the logarithm of AT, vs t. The slope of the
straight line portion gives m) directly (note that m) is a negative number)
while the iutercept of the straight line portion when extended to t = 0
gives the value of (AT.), / (1 -0t) from which K may be easily computed,
X is found to be a number smaller than unity, One may obtain a better
value of m; from approximate values, This is done by dividing A T, by
(AT¢) o/ d -¢) and adding & . The resulting quantity is calfed 1.
The fogarithn of Y is then plotted against t. The slope of the straight
line through the data is m),

This procedure was applied to the data for the experiment reported
sbove., The new value of m) found was 2,163 x 107 compared to 2,160 x 10-3,
In Figure 14 graphs are shown of both AT, vs t and Y vs t on semilogarithmic
paper. Note the excellent straight line %ound for the Y vs t plot.. It
is of interest to note that the term e q&} becomes smaller than 0,1%
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for a value of t of 315 seconds, The advantage of this las! method of
analyzing the data lay in the fact that all of the data may bHe used anu
especially the early values of 4 T, which are actually the most accurately
measured values, In addition the necessary condition that Tg is coustant
is more likely valid during the early part of the cooling curve,

I C ity - In addition to thc method outlined
above for the computation of the heat capacity of the calorimeter from the
cooling curve data there are several other methods which have been used
in this research,

A method much used in our early work was based on the equation (5):
-c dic
¢ dt
Where the quantities dT./dt and qcg were obtained from the experimental
data and then used to compute C, %he values of dT./dt were measured on
a large plot of T, vs t. From the value of A T¢ for each value of the
measured slope the value of qcg was determined from the calibration curve,
As would be expected, from the description of the data, the values of C
computed by this method started out,at short times,with very large values
and then as the internal heater effect became less important decreased until
the values were of the correct order of magnitude., Unfortunately when the
values did level off then the effect of the shield variation became important.
Also the accuracy of measuring the slope quickly decreased as the To vs t
line leveled off. The basic error made in this method of computation is the
neglect of the term qj. which decreases slowly in magnitude as the calorimeter
cools, Thus the value of qcs used in this computation ought to be the
quantity qcg - qjc which wiil be smaller in all cases than q,q.

= Qqcs

This method was extensively used prior to the time that the experiments
were made at constant shield temperature, When a cooling curve is taken with
no control attempted on Tg one eventually reaches a practically constant
rate of cooling and a constant difference between T, and Tq, Therefore
if qcg is computed from this difference an approximately constant value
of C will be obtained. This value of C will usually be smaller than the
true value, The reason is seen in equation (31) which is applicable to
the evnerimental situation here described.

Another method is based on a computation of the amount of heat lost
by the calorimeter during a particular time interval and then dividing
this heat quantity by the correspcnding temperature change of the calorimeter,
The ne amount of heat lost by the calorimeter was obtained by graphical
integr-tion of a qog vs t graph. As might be expected this method gives
high v.iues of the heat capacity due to the fact that qjc has again been
neglected, In the calculation made, the integration was carried from zero
time to 734 s:.~onds, then from 04 seconds to 784 seconds etc, For each

interval the mesn heat capacity wes computed, The results of this computation
for a run at 613°K are given in Table 3,
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Igble 3
Integral Method of Computing Heat Capacity (813°K)

Intexval =~ _Total Heat =~ _ AT ~~  __ € = Ceorr,
0 - 784 sec 141,89 cal 2,53°C 56,1 cal/deg 50.4 cal/deg
U4 - 784 110,21 2.35 46,9 43.8
136 - " 92,80 1.96 47.4 44.9
i76 - ° 80,91 1,76 45,0 44,0
236 .. * 65. 45 1.43 45.8 44,3
266 - " 58,01 1,29 45.0 43,7
312 - ¢ 49,01 1.11 44,2 43.1
s - " 36,27 0.837 43.3 42.6
40 - " 23.02 0, 555 41.5 41.5

fue mean literature value of the heat capacity for this temperature
is 42,7 calories pexr degree. In the fifth column of Table 3 some values
of the heat capacity of calorimeter computed from values of qcg which have
been approximately corrected for the heat lost by the internal heater, The
value for the heat capacity of the internal heater was assumed to be 0,2 cal/deg.
The rate of cooling of the internal heater was assumed to follow a simple
exponential law. The correction was assumed to be insignificant after
400 seconds.

1t is obvious that both the integral and differential methods require
come estimate of the magnitude of the heat stored by the internal heater and
also an estimate as to how rapidly this heat is lost, If one waits for the
cooling to continue for three to four hundred seconds then the influence of
the internal heater is insignificant, However, after this interval the tempera-
ture differences beconic ton small to measure with accuracy,
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